A mouse genomic clone containing a lactate dehydrogenase-A (LDH-A) processed pseudogene and a Bl repetitive element was isolated, and a nucleotide sequence of -3 kb was determined. The pseudogene and Bl element are flanked by perfect 13-bp repeats, and the B 1 sequence starts at 14 nucleotides 3' to the presumptive polyadenylation signal of the pseudogene. The nucleotide sequences of the LDH-A genes and processed pseudogenes from mouse, rat, and human were compared, and a phylogenetic tree was constructed. The rate and pattern of nucleotide substitutions in the LDH-A pseudogenes are similar to previously reported results (Li et al. 1984) . The average rate of nucleotide substitutions in the LDH-A pseudogenes is 4.3 X lo-'/site/year. The substitutions of C -T and G -A are most frequent, and A -G substitutions are relatively high. The rate of synonymous substitutions in the LDH-A genes is 5.3 X 10m9, which is not significantly higher than the average rate of 4.7 X 10m9 for 35 mammalian genes. The rate of nonsynonymous substitutions in the LDH-A genes is 0.20 X 10V9, which is considerably lower than the average rate of 0.88 X 10m9 for 35 mammalian genes. Thus, the mammalian LDH-A gene appears to be highly conserved in evolution.
Introduction
Lactate dehydrogenase (LDH; E.C. 1.1.27) catalyzes the interconversion of lactate and pyruvate with nicotinamide adenine nucleotide (NAD+) as coenzyme (Everse and Kaplan 1973) . In mammals and birds, the five isozymes of tetrameric LDH are found in various proportions among different somatic tissues and are produced in vivo by combination of the A and B subunits, whereas the homotetrameric LDH-C4 is present only in mature testes and sperm (Marker-t et al. 1975) . The LDH-Ad, LDH-B4, and LDH-C4 isozymes possess distinct physicochemical, catalytic, and immunological properties (Holbrook et al. 1975) . The LDH-A (muscle), -B (heart), and -C (testis) polypeptides are encoded by three different gene loci that originated from an ancestral gene during the course of evolution (Market-t et al. 1975; Li et al. 1983) . In order to know the structural and evolutionary relationships of the LDH-A, -B, and -C genes and to study the molecular mechanisms of gene regulation, we have undertaken the investigation of gene organization and protein structure of mammalian LDH isozymes. We have reported the nucleotide sequences of human LDH-A cDNA and a pseudogene . We have also described the genomic organization of proteincoding exons of the LDH-A functional genes from mouse and humans (Chung et al. 1985; Li et al. 1985a) . In this paper, we present the nucleotide sequence of a mouse LDH-A processed pseudogene associated with a B 1 repetitive element complementary to the most abundant class of mouse fold-back RNA (Krayev et al. 1980) , the rate of nucleotide substitution in mammalian LDH-A functional genes and dogenes, and the pattern of nucleotide substitutions in pseudogenes.
processed pseu-
Material and Methods

Isolation and Sequencing of a Mouse LDH-A Pseudogene
The mouse Mus muscuZus C57/B 10 LDH-A genomic clones were isolated from a Charon 4A genomic library provided by Dr. M. Edge11 (Benton and Davis 1977; Rigby et al. 1977; Weaver et al. 198 1) . The DNA purified from the genomic clone hM 10 was analyzed by restriction-endonuclease mapping and Southern blotting (Maniatis et al. 1982) . The isolated DNA fragment containing the LDH-A processed pseudogene was further cleaved and subcloned into M 13 mp 1 O/mp 11 phages (Messing et al. 198 1) . The nucleotide sequences of the genomic DNA fragments purified from Ml 3 phages were determined by the dideoxy chain termination method (Sanger et al. 1977) .
Sequence Data
The nucleotide sequence of the mouse processed pseudogene hM 10 is determined in this study. The sequence data for the mouse LDH-A functional gene are from Akai et al. (1985) and Li et al. (1985a; unpublished data) . The complete sequence of rat Ratus nowegicus LDH-A cDNA pLDH-2 was reported by Matrisian et al. (1985) . The nucleotide sequences of human Homo sapiens LDH-A cDNA pCD380 and processed pseudogene hH463 were described previously .
Statistical Methods
We considered only the amino acid-coding regions. The number of synonymous (causing no amino acid changes) and nonsynonymous (resulting in different amino acids) substitutions between each pair of genes was obtained by the method of Li et al. (1985b) . The pattern of nucleotide substitutions in the human and mouse pseudogenes was obtained by following the procedure used in Gojobori et al. (1982) and Li et al. (1984) . Since five sequences are available from humans and rodents, it is rather easy to deduce the ancestral sequence of a pseudogene and its functional counterpart and then to infer the nucleotide substitutions in the pseudogenes (Fitch 197 1; Gojobori et al. 1982) ; in each case several nucleotide sites are excluded because the ancestral nucleotides cannot be determined uniquely or because deletions have occurred in the pseudogene studied. This exclusion should have little effect on the final results because in each comparison the number of sites excluded is less than four.
The origin of a processed pseudogene and its rate of nucleotide substitution are estimated by a method developed by W.-H. Li (unpublished data) . The data are shown in figure 1. The processed pseudogene is denoted by w and is assumed to have been nonfunctional since the time of its origin. Its functional counterpart is denoted by F, and the functional gene from a reference species is denoted by R. The divergence time (T) between the two species is assumed to be known; T = 75 Myr for the divergence between humans and rodents. The rate of nucleotide substitution at the ith position of codons in the functional gene is then given by ai = dFRil(2Th where dFRi is the number of substitutions per nucleotide site at the ith position of codons between genes F and R. In the figure Zi, mi, and ni denote the number of substitutions per site at the ith position of codons between 0 and w, between 0 and F, and between 0 and R, respectively. These branch lengths can be estimated by inferring the ancestral sequence at the node 0 or by the following equations: (Li et al. 1981) . Let A = C Zi, B = C mi, and C = C ni, where the summations are over the three positions of codons, and let V(A), V(B), and V(C) be the variances of A, B, and C, respectively. Then the mean and variance of the divergence time t between w and F are approximately given by 
The above variances were derived under the assumption that the three positions of codon evolved independently but that all the ith codon positions evolved at the same rate.
Results and Discussion
Nucleotide Sequence of a Mouse LDH-A Processed Pseudogene
Several mouse genomic clones containing LDH-A genelike sequences were isolated and partially characterized (Li et al. 1985a) . A genomic clone, hM 10, which exhibited a strong hybridization signal to the LDH-A cDNA probes from mouse (Akai et al. 1985) and humans , was shown to contain a 15-kb DNA insert. The restriction-endonuclease map of the genomic clone hM 10 along with the DNA sequencing strategy is shown in figure 2 , and the nucleotide sequence of -3 kb is given in figure 3 . A sequence comparison of the genomic clone hM 10 sequence with the mouse LDH-A functional gene (Li et al. 1985a) indicated that the genomic clone hM 10 contains a processed LDH-A pseudogene and a B 1 repetitive element. As indicated in figure 4 , the nucleotide sequence of the mouse LDH-A pseudogene hM 10 possesses all the characteristics of a processed pseudogene-i.e., (I) absence of all seven introns present in LDH-A functional genes, (2) nucleotide substitutions at codons 54 and 65 resulting in chain termination codons, and (3) two single-base deletions in codons 135 and 2 15 and a deletion of four nucleotides in codons 10 and 11. Although the nucleotide sequence of this pseudogene (hM 10) cannot code for a functional protein, it has 92% identity with the protein-coding sequence of the functional mouse LDH-A gene (AM 15).
The mouse genomic clone hM 10 contains two perfect 13-bp repeats, one located just upstream from the 5' untranslated region of the LDH-A processed pseudogene and the other downstream from the A-rich sequence of the B 1 repetitive element ( fig.  3) . The nucleotide sequence upstream from the 5' direct repeat of this pseudogene is very different from that of the promoter region of mouse LDH-A functional gene hMl5 (S. S.-L. Li, unpublished data). Thus, this LDH-A processed pseudogene is transcriptionally inactive, since it lacks the necessary 5' regulatory sequences. It has been proposed that intronless pseudogenes were derived from the processed mRNA intermediates through retrovirus-like transposable elements, since these pseudogenes
-Restriction-endonuclease map of the mouse LDH-A processed pseudogene AMlO and the nucleotide sequencing strategy. The overall map of the mouse genomic clone hMl0 for restriction endonucleases R (EcoRI), H (HindIII), B (BarnHI), and X (X6aI) is derived from single/double cleavage and Southern blot analysis with LDH-A cDNA probes from mouse and humans. The "protein-coding sequence" is indicated by the solid-black blocks. The 5' and 3' untranslated regions are stippled. The Bl repetitive element is crosshatched. The EcoRI-XbaI fragment of 6.3 kb was isolated and further cleaved by B, G (BgZII), P (PstI), and/or S (SudAI) and subcloned into M 13 mp 10 or mp 11 phages. The nucleotide sequences of the inserted DNAs were determined by the dideoxy chain termination method. Arrows show the direction and extent of sequencing. Eighty-six percent of the sequence reported was determined in both directions.
are often flanked by direct repeated DNA sequences (Lueders et al. 1982) . In higher eukaryotes, such mechanisms of reverse copying and the presence of many processed pseudogenes have been described (Proudfoot 1980; Little 1982; Sharp 1983) .
The B 1 repetitive element present in mouse LDH-A pseudogene hM 10 starts 14 nucleotides 3' to the presumptive polyadenylation signal ( fig. 3 ) (Proudfoot and Brownlee 1976) , and only eight of 132 nucleotides compared are different from the consensus sequence of mouse B 1 repetitive elements, as indicated in figure 5 (Kalb et al. 1983) . The structures homologous to the RNA polymerase III control region, the Hogness-Goldberg box, and the major T antigen-binding site are also conserved in the B 1 element present in mouse LDH-A pseudogene hM 10. The mouse B 1 repetitive sequences of -130 nucleotides are homologous to the human Alu families formed from two similar direct repeats each -130 bases long (Krayev et al. 1980 (Krayev et al. , 1982 Deininger et al. 198 1; Schmid and Jelinek 1982; Kalb et al. 1983 ).
Evolution of LDH-A Genes and Pseudogenes Table 1 shows the number of substitutions per synonymous site (KS) and the number of substitutions per nonsynonymous site (&) between each pair of sequences. The KS value between mouse hM 15 and human pCD380 is identical to that between rat pLDH-2 and human pCD380. From this KS value we estimate that the rate of synonymous substitution in the LDH-A gene is (0.80 & 0.10)/(2 X 75 X 106) = (5.3 + 0.7) X IO-'/synonymous site/year. This rate is slightly, but not significantly, higher than the average synonymous rate (4.7 X 10e9) for 35 mammalian genes (Li et al. 1985b ). The KA value between mouse hM 15 and human pCD380 is also identical with that between rat pLDH-2 and human pCD380. The nonsynonymous rate estimated from this value is (0.03 + 0.01)/(2 X 75 X 106) = (0.20 & 0.07) X lo-'/non- synonymous site/year. This is considerably lower than the average nonsynonymous rate (0.88 X lo-') for 35 mammalian genes (Li et al. 19853 ). Thus, the structure of the mammalian LDH-A gene appears to have been highly conserved in evolution.
It is clear from table 1 that the human pseudogene hH463 arose after the diver- . . . . . . . . . . . . . . . . . . . . . ..I.....____.......... CA . . ..TCT...............G.............................T............... . ..T..G..G.A...A...G.............C.....A.......G...............A........A.....T ..A...TC...G........GT...................T..-..A.......................................................G..A...T.. . ..C.............T.CA...TA...............A...............CA.................................................. gence between humans and rodents, because both the KS and KA values between human WI463 and human pCD380 are smaller than the corresponding values between human AH463 and either mouse hM15 or rat pLDH-2. We also note that both the KS and KA values between the mouse pseudogene hM 10 and mouse AM 15 are smaller than the corresponding values between mouse hMl0 and rat pLDH-2. Therefore, mouse hM 10 probably arose after the mouse-rat divergence. From the preceding arguments, we propose the phylogenetic tree shown in figure 6 . We assume that the root of the tree is the same as that in the human-rodent split and that the rate of nucleotide substitution is constant along each sequence linkage.
The model shown in figure 1 was used to estimate the time (t) since the divergence between the mouse pseudogene hMl0 and mouse hM15 with the human functional gene as the R gene. We used all five sequences to infer the ancestral sequences of mouse hM 15 and hM 10 and then inferred the branch lengths Zi, mi, and ni; when a substitution could not be unambiguously assigned to one of the two branches involved, Clone Ml0 Consensus **** ********* ##%### ++ +++++++ttt CCGGGTGTGG TGGCGCACG--TTTAATCCC AGCACTT-GG AGGCAGAGGC 50 . . . . . C . . . . . . . . . . . ..C C......... . . . . ..CG.. . . . . . . . . . . 
Clone AM10 Consensus
******** **** ;;GCGGATTT CTGAGTTCAA GGCCAGCCTG GTCTACAGAG TGAGTTCCAG 100 . . . . . . . . . . . . . . . . . . 6. . . . . . . . . . . . . . . . . . . . . . . . . . The nucleotide sequence of the B 1 repetitive element associated with the LDH-A pseudogene hM 10 is compared with the consensus sequence of mouse Bl repeats described previously (Kalb et al. 1983) . Only different nucleotides are given; identical nucleotides are indicated by dots, and deletions are denoted by dashes. N denotes an unknown nucleotide. The structures similar to the RNA pol III control regions, imperfect Hogness-Goldberg box, and the major T antigen-binding site are indicated by *, #, and +, respectively. it was split equally between the two branches. The inferred li, mi, and ni values were then corrected for multiple hits by the method of Jukes and Cantor ( 1969) and Kimura and Ohta (1972) . The inferred branch lengths Li, mi, and (3)- ( 6), we obtain a t of 18 k 4 Myr between mouse hM 10 and hM 15 and a substitution rate (b) of (3.6 & 0.7) X 1 0e9 in the pseudogene hM 10 (table 3) . This rate is substantially lower than the average rate (4.7 X 10m9) for mammalian pseudogenes (Li 1983) .
Using the same procedure, we have also estimated the t between the human pseudogene hH463 and functional gene pCD380 and the b in the pseudogene. In this case, however, we have used both mouse AM 10 and rat pLDH-2 as references. The inferred Zi, mi, and ni values are shown in table 2, and the t and b values are given in table 3. The t is 16 k 4 Myr, and the substitution rate is (4.9 + 1 .O) X 10V9. This rate is close to the average rate for mammalian pseudogenes. In the model in figure 1 , we assume that a processed pseudogene is nonfunctional from the time of its origin. Under this assumption, we should have Ii = I2 = I3 because none of the three codon positions is subject to functional constraint and all would therefore evolve at the same rate. In the case of the human pseudogene hH463, the Ii, Z2, and I3 are very similar (table 2). In the case of the mouse pseudogene, I2 and Is are similar, although II is considerably lower; the low II value could represent an extreme random deviate.
Pattern of Nucleotide Substitutions in Pseudogenes
The pattern of nucleotide substitutions inferred from the mouse pseudogene hM 10 is shown in the first matrix in table 4, while the pattern inferred from the human NOTE.-The substitutions are from the nucleotides in the left column to the nucleotides in the row. The values in parenthesis are the observed number of changes divided by the number of the nucleotides of the original type in the ancestral sequence. The relative substitution frequencies were calculated by the procedure of Gojobori et al. (1982) . pseudogene hH463 is shown in the second matrix. The two patterns are not very consistent, but this may be due to the small numbers (57 and 7 1, respectively) of nucleotide substitutions used. The third matrix is a simple average of the two patterns. The relative substitution frequencies in the third matrix are not very different from those inferred from 13 pseudogenes (Li et al. 1984) . For example, C -T and G -A are the most frequent and A -G is relatively high. The sum of the relative frequencies of the four transitions is 0.24 + 0.17 + 0.11 + 0.06 = 0.58, which is close to the average (0.59) for 13 pseudogenes (Li et al. 1984 ).
